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diated	 indirect	 interactions	among	herbivores.	Responses	to	an	 initial	herbivore	
may	change	a	number	of	plant	traits	that	subsequently	alter	ecological	processes	
with	 additional	 herbivores.	 Although	 common,	 indirect	 interactions	 between	
taxonomically	distant	herbivores,	such	as	mammals	and	insects,	are	less	studied	
than	between	taxonomically	related	species	(i.e.,	insect–insect).	In	terms	of	mam‐




2.	 The	 aim	 of	 this	 study	was	 to	 investigate	 the	 effect	 of	mammalian	 induced	 re‐
sponses	on	insect	performance.	We	specifically	investigated	the	effect	of	moose	
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1  | INTRODUC TION
Trait‐mediated	 indirect	 interactions	 (defined	 by	 Abrams,	 1995)	 are	
abundant	 in	ecological	 systems,	affecting	various	processes	and	 in‐
teractions	with	 implications	 for	 individual	 performance,	 population	
fluctuations,	 and	 community	 composition	 (Van	 Veen,	 Van	Holland,	
&	Godfray,	2005;	Werner	&	Peacor,	2003).	Their	importance	has	re‐




















S1).	We	 found	 that	 previous	 research	has	 focused	mainly	on	 indi‐
rect	interactions	between	taxonomically	similar	species	(cf.	Ohgushi,	
2005),	 like	 insect	 herbivores,	whereas	 interactions	 between	 taxo‐
nomically	more	distant	species,	such	as	mammals	and	insects,	have	
been	 less	 emphasized.	 In	 addition,	when	 studying	 indirect	 effects	
between	mammals	 and	 insects,	 most	 studies	 focus	 on	 effects	 on	






on	coniferous	plants	 (Table	1).	Our	study	aims	to	fill	 these	gaps	 in	
knowledge	by	studying	an	ungulate—conifer—insect	herbivore	sys‐
tem	to	explore	tree	response	to	browsing,	changes	in	foliage	quality	
and	measure	 insect	performance.	Deciduous	 and	 coniferous	 trees	




Available	 nitrogen	 commonly	 affects	 the	 performance	 of	 her‐
bivorous	 insects	 (Mattson,	 1980),	 and	 increased	 plant	 nitrogen	
often	 increases	 herbivore	 performance	 (e.g.,	 Awmack	 &	 Leather,	


















formance,	 and	 the	 link	 between	 changes	 in	 plant	 chemistry	 and	
insect	response.	In	order	to	do	so,	we	use	a	controlled	field	exper‐
iment	 to	 examine	 the	 indirect	 interaction	 between	 ungulates	 and	
the	 performance	 of	 herbivorous	 insects.	 Controlled	 experiments,	
opposite	to	observational	studies,	are	preferable	when	the	aim	is	to	
disentangle	potential	mechanisms.	Our	 study	 system	consists	of	a	





and	 the	 effects	 of	 pine	 traits	 on	 sawfly	 performance	 (Björkman,	





browsing	 to	 pine	 traits	 to	 insect	 performance	 and	 explore	moose	
browsing	effects	on	insect‐specific	pine	traits.	The	benefits	of	using	
this	particular	study	system	are,	first,	that	sawflies	feed	exclusively	
on	previous	years’	needles,	allowing	us	 to	study	 trait‐mediated	 in‐
teraction	 through	 chemical	 responses	 in	 existing	 foliage.	 Second,	
sawflies	are	easy	to	move	as	eggs/young	larvae	allowing	us	to	add	
sawflies	 to	pines,	controlling	 their	densities	and	avoiding	biases	 in	
the	response	created	by	potentially	different	insect	herbivore	densi‐
ties.	Third,	it	allows	us	to	study	indirect	interactions	on	a	coniferous	
K E Y W O R D S
di‐terpenoid	resin	acids,	herbivore–herbivore	interactions,	host	plant	quality,	lateral	
interactions,	plant–herbivore	interactions,	trophic	interaction	modifications






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2  | MATERIAL S AND METHODS
2.1 | Study species
The	 European	 pine	 sawfly	 (N. sertifer	 Geoffr.;	 Hymenoptera,	
Diprionidae)	 is	 a	 folivorous	 insect,	 specializing	on	Pinus	 spp..	 Eggs	
are	 laid	during	 late	August–early	September	on	 several	needles	 in	
batches	of	50–120	eggs	on	current	year's	needles.	Larvae	hatch	in	
spring	 and	 feed	 gregariously	 during	 early	 summer.	After	 hatching,	
the	larvae	continue	to	feed	on	the	needles	in	which	the	eggs	were	
laid,	 preferably	 avoiding	 the	 needles	 from	 the	 newly	 developing	
shoots.
Scots	 pine	 is	 a	 coniferous	 tree	 species	 native	 to	 Sweden	 and	
Eurasia	 and	 one	 of	 the	 dominating	 tree	 species	 in	 the	 forests	 in	




&	Hjeljord,	 1987).	Moose	winter	 browsing	 can	 have	 profound	 ef‐
fects	on	Scots	pine	growth	and	morphology	 (Edenius	et	 al.,	1993;	
























resembling	 50%	 browsing	 damage.	 Clipping	 is	 a	 commonly	 used	
method	 to	mimic	 ungulate	 browsing,	 and	 plant	 growth	 responses	










Needle	 samples	 were	 collected	 from	 all	 trees	 after	 the	 clipping	
treatment	but	prior	to	sawfly	exposure.	We	made	sure	to	collect	the	
needles	 from	 the	 same	whorl	where	we	would	 later	 add	 the	 saw‐
fly	 larvae.	Since	sawfly	 larvae	feed	exclusively	on	foliage	from	the	
previous	year	and	remain	on	the	branch	on	which	they	hatch	or	are	
placed,	we	 consider	 this	 the	 appropriate	way	of	 sampling	 needles	
for	studying	plant	systematic	response	to	browsing	and	effects	on	
sawflies.	 Samples	were	 instantly	 frozen	using	dry	 ice	 (in	 the	 field)	
and	 subsequently	 stored	 in	 −22°C	 prior	 to	 analyses.	 Needles	 for	
analysis	of	carbon	and	nitrogen	content	were	 first	dried	 (70°C	for	
48	hr)	and	then	ground.	Total	carbon	and	nitrogen	content	 (%	dry	
F I G U R E  1  European	pine	sawflies	(Neodiprion setifer)	larvae	
feeding	on	a	Scots	pine	(Pinus sylvestris)	branch	previously	browsed	
by	moose	(Alces alces)
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nitrogen	 during	 the	 grinding	 process	 to	 keep	 the	 needles	 frozen.	




carbonate	 (NH4)2CO3	 (pH	 8.0)	 and	 subsequently	 transferred	 into	
new	vials.	A	total	of	50	µl	of	0.2	M	N‐tri‐methylsulfoniumhydroxid	
(Macherey‐Nagel,	Germany)	was	added	to	the	ethereal	extracts	to	
methylate	 the	di‐terpenoids,	 and	samples	were	 incubated	at	 room	
temperature	 for	 1	 hr.	 After	 centrifugation	 at	 4,000	 g	 for	 5	 min,	















internal	 standard.	 Seven	di‐terpenes	were	determined	 in	 the	nee‐





trees	 that	were	 included	 in	 the	 sawfly	 treatment,	with	 the	excep‐
tion	of	six	trees	that	were	excluded	due	to	difficulties	arising	while	
running	the	di‐terpene	analysis	(ncontrol	=	9,	nbrowsed	=	10,	nclipped	=	9).	
Both	 total	 di‐terpene	 content	 and	 individual	 compound	 content	
were	analyzed	with	respect	to	the	treatment.
2.4 | Collection and preparation of sawfly larvae
Sawfly	 larvae	were	collected	 in	May	2016	from	an	outbreak	area	
near	 Oskarshamn,	 coastal‐southern	 Sweden	 (57	 8	 42.4N,	 16	
17	 55.3E).	 Larvae	were	 stored	 for	 three	 days	 in	 5°C	 dark	 room,	
until	 reaching	 2nd	 instar,	 and	 then	 randomly	 assigned	 to	 groups	
(mean	±	standard	deviation	group	size:	51.7	±	7.7)	to	avoid	mater‐
nal	effects.	We	are	aware	 that	previous	 research	has	shown	that	












the	 potential	 bias	 that	 higher	 quality	 plants	 are	 colonized	 by	 al‐
ready	higher	performing	 individuals	and/or	 that	density	of	herbi‐
vores	influences	their	performance.	Larval	groups	were	left	to	feed	




















All	 data	were	 analyzed	 in	R	 software	 version	3.2.4	 (R	Core	Team,	
2016)	using	the	lme	function	in	the	nlme	package	(Pinheiro,	Bates,	
DebRoy,	&	Sarkar,	2016)	to	fit	linear	mixed	effects	models	and	the	
glmer	 function	 in	 the	 lme4	 package	 (Bates,	 Maechler,	 Bolker,	 &	
Walker,	2015)	to	fit	generalized	mixed	effects	models.	To	calculate	
the	model	results,	we	used	the	car	package	(Fox	&	Weisberg,	2011).	













rates	 the	pattern	of	unequal	variances	 into	 the	model	 and	 takes	
it	into	account	in	the	analysis	(varIdent;	car	package).	Differences	
in	number	of	 eggs	were	analyzed	using	generalized	 linear	mixed	












plant	 C:N	 ratio	 as	 well	 as	 di‐terpene	 content	 and	 sawfly	 cocoon	
weight.	To	assess	whether	a	higher	weight	corresponded	to	a	larger	
number	of	eggs,	we	performed	 regression	analyses	 for	number	of	

















3.2 | Relationship between number of 
eggs and weight
Number	 of	 eggs	 was	 positively	 related	 to	 cocoon	 weight,	 body	
weight,	 and	abdomen	weight	 (Appendix	S1,	Figure	S1),	 confirming	
that	higher	weight	is	directly	related	to	higher	(potential)	fecundity.
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3.3 | Plant quality
C:N	 ratio	was	on	 average	17%	 lower	 on	browsed	 trees	 compared	
to	 controls	 and	 6.6%	 lower	 on	 clipped	 trees	 compared	 to	 con‐
trol	 trees	 (Figure	 3a,	 Table	 3).	 Nitrogen	 content	 was	 23%	 higher	
























dity	 (e.g.,	Heliövaara	et	 al.,	 1990).	We	 found	 that	 the	 investigated	
plant	 traits	 (C:N	 ratio)	 partially	 explained	 the	observed	effects	on	
sawfly	performance.
The	unexpected	weak	effect	of	browsing	on	sawfly	performance	













Previous	 studies	have	 shown	 that	mimicking	browsing	on	pine	
by	clipping	induces	similar	responses	in	growth	to	natural	browsing	
(Edenius,	1993).	These	growth	responses,	either	due	to	clipping	or	
browsing,	 most	 likely	 change	 nutrient	 allocation.	 Our	 study	 con‐
firmed	this,	as	the	response	in	C:N	ratio	was	lower	in	both	browsed	
and	clipped	trees	compared	to	control	trees	(Figure	3).	C:N	ratio	was	
similar	between	browsed	and	clipped	 trees	although	 the	 response	
was	 weaker	 in	 clipped	 trees.	 One	 potential	 explanation	 could	 be	
preferential	browsing	on	high‐quality	trees,	hence	that	our	selected	
browsed	trees	were	higher	 in	nitrogen	prior	to	browsing,	although	






(mg)      
Fixed Estimates SE χ2 df p‐value
Intercept 53.99 1.25   <.001
Browsing   14.28 2 <.001
Naturally	browsed 4.6 1.75   *
Clipped 6.3 1.71   *
Random Intercept Residuals    
Site 0.00096     
Site/Block 0.76     
Site/Block/Tree 3.90 5.99    
Body weight (mg)      
Fixed Estimates SE χ2 df p‐value
Intercept 30.71 0.98   <.001
Browsing   8.81 2 <.05
Naturally	browsed 1.51 1.34    
Clipped 3.80 1.30   *
Random Intercept Residuals    
Site 0.00029     
Site/Block 1.16     
Site/Block/Tree 1.93 4.67    
Number of eggs      
Fixed Estimates SE χ2 df p‐value
Intercept 4.37 0.039   <.001
Browsing   6.06 2 <.05
Naturally	browsed 0.077 0.056    
Clipped 0.13 0.052   *
Random Intercept Residuals    
Site 0     
Site/Block 0     
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previous	research	suggests	that	ungulates	selectively	feed	on	trees	
with	low	defense	rather	than	of	high	nutritional	quality	(e.g.,	Bryant	
&	 Kuropat,	 1980;	 Stolter	 et	 al.,	 2005).	 An	 alternative	 explanation	
could	 be	 the	 presence	 of	 intrinsic	 differences	 between	 browsing	
and	clipping.	One	such	difference	could	be	the	presence	of	ungulate	










of	our	study	confirm	the	direction	of	 the	effect	 (negative)	but	 the	
relationship	between	 sawfly	 cocoon	weight	and	C:N	 ratio	 is	weak	
(Figure	4a).	Leading	 to	 the	conclusion	 that,	even	 though	C:N	 ratio	
affects	sawfly	performance,	it	is	not	the	sole	mechanism	explaining	
the	enhanced	sawfly	performance	on	browsed	trees.
We	 investigated	 the	 potential	 reduction	 of	 carbon‐based	 de‐
fense	compounds	as	another	possible	mechanism.	Browsing	reduces	
the	 amount	 of	 photosynthetic	 tissues	 and	 hence	 reduces	 carbon	
availability	within	the	tree	(Bryant	et	al.,	1983;	Du	Toit	et	al.,	1990).	
Hence,	we	expected	di‐terpene	content	to	be	lower	in	browsed	and	


















tween	 the	browsed	or	 clipped	 trees	 and	unbrowsed	 control	 trees	











ing	 link.	Additional	candidate	 traits	are	 the	 level	of	other	phenolic	
compounds,	 which	 are	 abundant	 defensive	 compounds	 in	 pines	
(Mumm	&	Hilker,	2006),	and	have	been	demonstrated	to	be	affected	
by	browsing	(Stolter,	2008)	and	to	affect	pupal	mass	of	insect	her‐
bivores	 (Lill	 &	Marquis,	 2001).	 Pasquier‐Barre,	 Palasse,	 Goussard,	
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C:N ratio      
Fixed Estimates SE χ2 df p‐value
Intercept 43.72 1.21    
Browsing   31.82 2 <.001
Naturally	browsed −7.35 1.31   *
Clipped −2.96 1.31   *
Random Intercept Residuals    
Site 0.0007     
Site/Block 3.10 5.25    
Nitrogen (%)      
Fixed Estimates SE χ2 df p‐value
Intercept 1.18 0.45    
Browsing   39.35 2 <.001
Naturally	browsed 0.22 0.44   *
Clipped 0.10 0.44   *
Random Intercept Residuals    
Site 0.031     
Site/Block 0.098 0.18    
Carbon (%)      
Fixed Estimates SE χ2 df p‐value
Intercept 50.50 0.34    
Browsing   24.24 2 <.001
Naturally	browsed 0.29 0.16    
Clipped 0.79 0.16   *
Random Intercept Residuals    
Site 0.46     






















sawfly	 defoliation	 (N. sertifer	 and	 P. sylvestris),	 Lyytikäinen	 (1994)	
showed	 lower	 cocoon	 weights	 on	 pines	 with	 natural	 defoliation	
(N. sertifer	and	P. sylvestris),	and	Raffa	et	al.	(1998)	found	decreased	
female	 cocoon	 weight	 on	 previously	 artificially	 defoliated	 pines	







(i.e.,	 plant‐induced	 responses)	 could	 lead	 to	 a	 deeper	 understand‐
ing	of	 indirect	effects.	Moreover,	studying	different	types	of	plant	
systems,	such	as	conifers	and	deciduous	plant,	are	crucial	 to	bring	
this	 field	 of	 study	 forward.	 In	 addition,	 as	 will	 be	 elaborated	 on	
below,	the	time	between	initiation	and	receiver	response	needs	to	
be	considered.
In	 most	 mammal–insect	 indirect	 interactions,	 the	 events	 of	
herbivory	are	separated	 in	 time	 (Table	1),	which	 is	also	 the	case	
in	this	study,	creating	a	potential	for	legacy	effects,	that	is,	plant‐
mediated	 interactions	 across	 herbivore	 generations	 or	 species	
over	 time	 (Wurst	 &	 Ohgushi,	 2015).	 Studies	 have	 shown	 that	
the	 effect	 on	 the	 second	 herbivore	 is	 often	 larger	 when	 herbi‐
vores	 are	 separated	 in	 time,	 since	 the	 plant	 has	 had	more	 time	
to	respond	(Denno	et	al.,	2000;	Erb,	Robert,	Hibbard,	&	Turlings,	







the	measured	 response	 in	 a	 specific	 system.	We	 know	 that	 the	
natural	browsing	damage	was	inflicted	over	the	duration	of	winter	
2015/16	and	the	clipping	treatment	was	applied	in	one	day	during	
early	spring	2016,	 resulting	 in	differences	 in	time	span	between	
insect	feeding	and	browsing	or	clipping	event.	Hence,	our	results	
provide	starting	point	for	further	exploration	of	the	relationship	
between	 recovery	 time	 of	 the	 plant	 and	 the	 magnitude	 of	 the	
trait‐mediated	indirect	effect.	The	rather	weak	effect	of	browsing	
on	 sawfly	 performance	 could	be	due	 to	 the	 relatively	 long	 time	
lag	between	herbivory	events.	However,	insect	performance	has	
been	 shown	 to	 be	 affected	 by	 previous	 damage	 occurring	 even	
a	 year	 earlier	 (e.g.,	 Neuvonen,	 Haukioja,	 &	 Molarius,	 1987).	 In	
the	light	of	our,	and	previous,	results,	it	remains	to	be	elucidated	





Our	 study	 demonstrates	 that	 mammalian	 herbivory	 can	 affect	
insect	 performance	 through	 trait‐changes	 in	 plants.	 We	 show	
that	 moose	 browsing	 could	 potentially	 affect	 fecundity	 of	 the	
European	 pine	 sawfly,	 which	 could	 have	 consequences	 for	mul‐
tiple	 ecological	 processes,	 especially	 population	 dynamics.	 One	
important	 finding	of	our	study	 is	 the	weak	effect	of	nitrogen	on	
insect	performance,	opening	up	possibilities	for	other	compounds	
as	 important	 determinants	 of	 performance	 traits	 in	 insects	 and	
mediating	 mechanisms	 in	 trait‐mediated	 interactions	 between	




fects	 of	 insect	 density	 or	 source.	More	 controlled	 experimental	
studies	investigating	indirect	interactions	between	mammals	and	
insects	are	needed	 to	deepen	 the	understanding	of	mechanisms	
involved	 and	 discover	 consequences	 of	 trait‐mediated	 effects	
in	 herbivore	 communities.	 To	 increase	 general	 ecological	 under‐
standing,	we	advocate	more	studies	of	underrepresented	systems	
such	 as	 interactions	 involving	 taxonomically	 distant	 species,	 not	
least	on	conifers.
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